This study analyses the reliability of an on-site MBR system for greywater treatment and reuse. To achieve this goal simulation was performed based on the IWA ASM1 model which was adapted to describe biological and physical mechanisms for MBR greywater treatment based systems. Model results were found to agree well with experimental data from an on site pilot greywater treatment plant, after which the calibrated model was used in a Monte Carlo mode for generating statistical data on the MBR system performance under different scenarios of failures and inflow loads variations.
† Treated effluent holding tank. Fraction of the treated effluent was returned to the aeration basin in order to maintain its volume constant (return flow was adjusted to compensate the difference between raw greywater inflow, Q in , and permeate discharge, Q m ), while the rest was discharged.
The pilot plant was operated for eight months. Raw greywater, treated effluent, and mixed liquor were sampled twice a week and analysed for various quality parameters.
These data served as input (raw greywater) and validation data (mixed liquor, effluent) for the model. A more detailed description of the pilot plant can be found in Friedler et al. (2006) The simulation model
The simulation model comprises three main components: a kinetic module which simulates the reactions occurring in the system, a transport module which represents all flows and the resultant mass balances within the physical system modeled, and a failure and stochastic framework which introduces random failures of various components into the model and accounts for the variable nature of raw greywater quality. The first to modules are deterministic, while the third one is a stochastic Monte-Carlo simulation framework. The model was written in MTLAB using the ode15 s numeric algorithm for solving the differential equations.
Kinetic module
The kinetic module is based on the ASM1 model, the governing equations of which can be found in Henze et al. (2000) . The model has 19 stoichiometric and kinetic parameters, the values for which were taken from Henze et al. (2000) and from Sotomayor et al. (2001) . Oxygen transfer coefficient (K L a), needed for the calculation of oxygen dynamics, was determined experimentally in the pilot system ad was found to be 25 h 21 .
Fractionation of raw greywater COD to its components, as required by the kinetic module, was performed based on the findings of Dixon et al. (2000) : soluble biodegradable COD 45%, particulate biodegradable COD 31%, soluble non-biodegradable COD 15%, particulate non-biodegradable COD 9%, heterotrophs COD 0.2%, and autotrophs COD 0.01% (negligible). In order to compare model results and experimental data, state variables of the model were converted to familiar quality parameters (TSS, COD, BOD, TKN, NO 2 þ NO 3 ) using the mechanistic and empirical relationships suggested by Sotomayor et al. (2001) . Biomass concentration in VSS term was calculated by summing heterotrophic and autotrophic biomasses (in COD terms) and inert particulate COD arising from biomass decay, and dividing this sum by 1.42 (cell COD/VSS ratio).
Transport module
The transport module was constructed in order to represent all internal and external flows in the system under normal operation and under failure events. Under failure conditions two flows were added: Q h -flow that leaks through a possible membrane texture failure, and Q of -overflow from the aeration basin that occurs when inflow is higher than the membranes' permeate flux. The known flows are: Q in (inflow), Q p (discharge of the recirculation pump), Q m (permeate flux through the membranes) and Q w (discharge of excess sludge). Under normal operation conditions (Q in , Q m ), thus Q e (effluent discharge) and Q of can be calculated as follows:
When Q in . Q m , Q e and Q of are calculated as follows:
Having calculated all flows in the system, mass balance of each quality state variables was computed. 
The vector Z in the effluent (Z e ) is given by:
The differential form of Z within the aeration basin is expressed by:
where r z is the transformation rate of each of the variables that compose the vector Z, as described in the kinetic module of the model.
Failure module and stochastic framework
The treatment system comprises of pipes, tanks, membranes, and electric / electronic equipment. Each of these components has a reliability function and a failure rate. The failure rate of electric and electronic equipment it is generally accepted to be constant and memory-less during the main portion of its serviceable life. Thus its reliability can be represented by an exponential distribution, as follows:
where: f(t)-probability to have a definite time between failures; l-failure rate (T 21 ); t -time since the last failure. 5. Excess addition of cleaning agents. Cleaning agents can be toxic to biomass in the system (e.g. sodium hypochlorite solution). These are applied regularly to the source of raw greywater as part of cleaning the greywater generating appliances. Usually, the dilution of cleaning agent applied is high. However, every now and then excess amounts of cleaning agents may reach the system jeopardising biomass activity. It was assumed that when this event occurs, biomass decay rates (b A and b H for autotrophic and heterotrophic biomass respectively) become one order of magnitude higher than their normal rates.
Failure rates of the aeration system, circulation pump, and membrane texture were set to 5 y 21 (Daniel & Louvar 2001) . The duration of these failures was set to six hours (i.e. when a failure occurs six hours pass until it is fixed).
Based on informal data from Israel Electric Corporation, power failure in urban areas occurs twice a year and lasts up to 2 h. Transient excess addition of toxic material was set to a rate of 5 y 21 .
In addition to failures, the MBR system performance removal efficiency was higher than the actual one, implying that the proportion of soluble non-biodegradable COD in the raw greywater was larger than the fraction suggested in the literature (Dixon et al. 2000) . Partial denitrification occurred in the aeration basin although oxygen concentration was kept at 1.8-2.0 mg L 21 . This probably occurred within the flocs of the biosolids where anoxic conditions may prevail.
RESULTS AND DISCUSSION

Effects of failures
The effects of failures on the treatment system performance will be discussed in two ways, first the effect of a single failure will be analyzed and then the consequence of a yearlong stochastic failure events will be examined statistically.
Each type of failure has distinct cumulative effects of the MBR system performance, as described herewith.
1. When the aeration system fails, oxygen concentration in the aeration basin immediately drops to zero (Table 2) Table 2) . Another effect is significant washout of the biomass from the aeration basin and resultant higher oxygen concentrations. probability that 20 h y 21 effluent BOD concentration will be higher than 5 mg L 21 and 50% probability that it will be higher than 5 mg L 21 for 58 h y 21 (Figure 3-A) . For a failure in the membrane texture (at a rate of 5 time y 21 )
there is 100% probability that effluent BOD will exceed 5 mg L 21 for 28 h y 21 and 50% probability that it will exceed 5 mg L 21 for 50 h y 21 (Figure 3-B) . Excess application of cleaning agent (5 times y 21 ) results in 50% probability for effluent COD to exceed 20 mg L 21 for 36 h y 21 (Figure 3-C) . 
Stochastic inflow
Running the model with stochastic inflow quality demonstrated that although effluent quality parameters exhibited some fluctuations, these were much smaller than the fluctuations in the raw greywater indicating ability of the system to overcome these significant perturbations (Figure 4 ). Effluent biomass was washed out from the aeration basin. It took the biomass up to two weeks for to reach its normal value, during this period effluent quality was compromised.
Running the model with stochastic inflow quality demonstrated that the MBR system was very effective at stabilizing were found to be more sensitive as indicated by higher CV values. Oxygen concentration in the aeration basin was found to have medium sensitivity to these fluctuations (CV 0.37) averaging 1.9 mg L 21 and ranging from 0.0 to 3.3 mg L 21 .
As a result of this study the following is recommended for onsite MBR systems: (1) to set up on-line warning for a failure of the electro-mechanical equipment, (2) to add water level controls in order to minimise biomass washout form the aeration basin, (3) to monitor dissolved oxygen on-line, (4) to monitor effluent turbidity on-line in order to reveal membrane failure, and (5) to add regular maintenance procedures for the mechanical equipment. Applying the above recommendations will enhance the system reliability very significantly without a need to have redundancy to all electro-mechanical equipment.
